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A Broadbased Actuator Concept for Spaceflight Application 


James C. Hammond* 


ABSTRACT 

developed electromechanical actuator has been found to be 
applicable to a variety of spaceflight requirements. Characterized by high 
torque and a small output step angle, the device is comprised of a coaxial, 

arrangement in a cup-type harmonic drive is directly coupled 
to a pancake configuration drive motor. The motor, with its dual stator 
driving a common rotor, is one Illustration of the concept of Selective 
Redundancy. 

Selective Redundancy promotes the idea that redundancy, to be effective 
modes not comprora1se inherent design simplicity nor Introduce new failure ’ 

r a n„I h nf U n«I-]- eS ? 0f ^ actuator is exemplified by its selection for a broad 
range of positioning and driving applications including TDRSS Gimbal Drives 
Space Telescope deployment and latching machanisms, and Space Telescooe 
secondary mirror drive, as well as others. 

INTRODUCTION 

A rotary actuator, broadly applicable to spaceflight service because of 
Tk S a • P erf ?™ n< ? e > ada P tabl ’ ^nd high reliability, has been developed. 
The device, which is producible in a range of sizes, derives reliability from 
ts inherent simplicity. Further increases in reliability are achieved by the 
inclusion of selected redundant features. However, redundancy is used only in 

additiona^features* 16 d€S19n 1s not com P rom i s ed by the incorporation of those 

Actuators of this type have been employed on a number of spacefliqht 
programs. Details of some of these applications are briefly discussed. 

THE ROTARY INCREMENTAL ACTUATOR 

The rotary incremental actuator is based on an evolutionary design which 

Of S Stlnrfir5 r a d t Ce J " K>re t#n d9 ° 30(1 haS SlnCe 9r0Wn 1nt ° a family 
sJhfofff 2 actuators. These are currently being produced In various forms by 

Schaeffer Magnetics under the designation Rotary Incremental Actuator, Types 1 


*Schaerrer Magnetics, Inc., Chatsworth, Californi, 
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Concept 

Figure 1 shows a sectional view of that first actuator as produced for the 
loneer 10 planetary probe in 1970. Viewed as state-of-the-art at the time 
It illustrates the design thinking of that period. * 

email he , dev1c f’ f U nct1oi ] in 9 as a telescope positioner, is required to have a 
small, accurate step and the ability to hold position with power off. A 

EdJS o„ r ?l U ^fJ t K PPer m0t0 : (15 degree step ) is used » a " d Initial gear 
rpf 1 in fll a ! d by n ea r! of spur 9 eaMn 9» thus minimizing Inertia 

t 2 r i^ 4 0n th ? Second shaft 1s a "«chan1cal detenting device 
i^h? Slt i°2«. h0 d1n9, u Slnce the VR motor lacks detent torque. Also 

IIHcJ Jn th1 ! S ??r ar f a shaft angle encoder and a mechanical damper to 
assist in controlling step-and-settle time. 

redJii S ti S e^lfi!il!! S J ra 5 eS an a PP^ 1 cation of the harmonic drive speed 
reducer to spaceflight hardware. (Harmonic drive Is a proprietary product of 

£rln?i!Z n < Jh 1V ® ? iv j! 1on °l USM Corp “ W^efleld, Mass.) Its Operating 
SiH^tfIfi iS i Sh0W ? 1” Figure 3. Briefly, the device uses a rotating 

e Jf ment (the wave generator) to produce rhythmic deformation of a 
m^w d /?!f St j c m ? mber (the fl exspline) reacting against a toothed reaction 
n^ 6r tb !i circular spline). Differing tooth numbers on the meshing elements 
P utpub motion wi th corresponding multiplication of torque. 

hamonl5 e drive. ab ° Ut 60:1 2 °° :1 Can b ® achieved in a sl^le pass with 

it thrnunh^a socond pa ss of spur gearing, power flow in the device of Figure 1 
is through a flexible coupling to the harmonic drive wave generator. The 

?p a T3V r i Ve ’ refleCbing the thinking of that period, is hermetically 
sealed, in turn requiring its flexspline to be grounded against rotation A 
«irge torsion spring provides bias torque to improve positioning accuracy. 

anH f( ter 11 year ?: the u? actua tors contin-.e to operate on board Pioneer 10 

That^rir^f e K°^ U ° f UranuS a1most two billion mi1es from earth. 

That early design embodies some attractive characteristics: 

o Small output step 
o Good positional accuracy 
o High torsional stiffness 
o Unpowered holding torque 

But It also displays some not-so-attractlve characteristics. First Is 
reliability. Wltb th# attendant ne 9 at1ve impact of high cost and reduced 
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HARMONIC DRIVE PRINCIPLE 

Rotation of the elliptical wave generator results in 
a greatly reduced motion at the toothed output members 
due to differential action between teeth on fl exspline 
and circular spine. 




I 

If 

A more up-to-date design is depicted in Figure 2. Still based on harmonic 
drive, its function is the same as the early unit. But a number of changes 
are evident: 

o Spur gearing eliminated 

o No detent device or auxiliary damper required 

o Output self-supporting and load-capable 

o Non-hermetic 

These changes are made possible by the use of a small -angle permanent 
magnet stepper motor to power the actuator, and by the availability of low- 
vapor pressure liquid lubricants. Parts count has been reduced sharply, with 
no loss of performance. 

Quickly made obsolete by an even more advanced design, this unit never 
reached the 'production' stage. It is, however, viewed as the turning point 
in the design evolution of the product as it is known today. That rotary 
incremental actuator is seen in Figure 4. 

The concept is detailed in the sectional view of Figure 5. It consists of 
a larger permanent magnet stepping motor, tightly integrated with the harmonic 
drive, and a larger rotating output flange. 

The permanent magnet stepper motor is a unique design. It features a 
multi-toothed structure with a small step angle and a rotor magnetic structure 
that is inherently annular in configuration. Because of the small step angle 
and the use of samarium cobalt magnets, the motor is capable of directly 
driving considerable inertial loads. This characteristic is exploited by 
driving the rather large harmonic drive input member directly. Spur gear pre- 
reduction stages are not necessary. 

The device employs a standard cup-type harmonic drive rather than a 
hermetic unit or a flat "pancake" type. The elliptical wave generator is 
driven directly by the motor rotor, and the flexspline output member is 
attached to the output flange of the actuator. The circular spline reaction 
member is attached to the frame of the unit. This is the most common speed 
reduction mode of harmonic drive — a large reduction ratio and reversed 
rotation is achieved. The motor rotor is sized so that it envelops the 
circular spline at its outer periphery. 

The motor drives the harmonic drive wave generator through a flexible 
coupling. The coupling now is of the Oldham type. It offers adequate radial 
accommodation, with much higher torsional stiffness than a bellows or similar 
type of coupling. The coupling allows for slight lateral movements of the 
rotor and wave generator, which are due to the slight but unavoidable 
eccentricities created by the wave generator. This feature enables the wave 
generator to be self-centering within the flexspline and the circular spline. 
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th. 2l i Z lm r^ r ,s '*, r 9 e ' consistent with the performance capability of 
the device. The large, duplexed output bearings allow this part to be nested 
over the cup-type flexspline. The duplex bearing pair offer? good rlJlSiu « 

£ ” h,! * fSShS?^? 8 r‘ hat ,ar » e cross-axis moments «n Se’ 1 " “ 

esistea. A further benefit of this geometry is the hiqh decree of structural 
integrity afforded to internal members of the device. 

Key features offered by this arrangement can be cited as fa) a verv low 

clearance!! 1 ’;^ , r ® 1ativel y °P en internal structure having few tight y 

shafts ' JddlSinii L T °. f rl° r d ! sign * a dev1ce h ®ving no high speed 

««?K tl0n f a ? hort load path t0 ground is afforded for the moments 
imposed on the output member by overhung loads, and a similarly short thermal 

stator? 9r0U " d U Pr0, ' de<1 f0r the f, « ° f «»lStJ heat from SKST" 

arp a f rospac ? quality harmonic drive component sets are used, they 

are standard sizes. Figure 6 illustrates, in relative proportion the size 

TJr h Si devices from the Type 1 which uses a harmonic drive 'of 2.5 cm (1 
in.) pitch diameter, to the Type 7 which uses the 2M harmonic drive component 

The actuator described here is the most basic form of the devicp a 
» -nations have been produced to meet different requirements One 
common difference is in the site of the output bearings. Figure 7 ?hws a 

Type . 5 un iC>and Figure 8 shows the same unit adapted to withstand verv 
large overhung loads. In this case, the outside diameter Is 1n?re«ed at ?he 
fidnie to accommodate a larger pair of duplex bearings. The oversize bearinnc 
?" d h sea a f® iocated on the output member where the torque level is very 9 
high. In Figure 9, a Type 2 unit with output bearings of redded size is 

lSad n r an Jhnit e t J 1 fh Un J t iS designed for a p ure torque output, the overhung 
folVlflnhJ 1 ^ ° f the . large duplex bearing pair is not needed. In this wSv 
saved. 9ht lncrease 10 the 3X1 a1 1en 9 th of the unit, considerable weight is 

Figure 10 shows another embodiment, this one havinq an eccentrir hall An 

S5.sk 

10 has redundant motor stators, redundant potentiometers and redundant shift 

° ther com P°"®" ts ^ the actuator ISSbly Ire 

hi?!) 3 te ?* Th ® y ar ! 0f essentiall y the same size and design as In a similar 

wll aflillib111tII n ff n thi! l9n <J aS d far reaching impact °" Performance as 
redundancy* 1 s'gt ven beC4 “ Se ° f tMs ’ the pM,osophy pf 
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TYPE 5 ACTUATOR 


FIG. 7 


MOUNTING SURFACE 


LOAD MOUNTING 
SURFACE 



ii 


ACCESSORY 
DRIVE SHAFT 



MOTOR HOUSING 


OUTPUT MEMBER 

CONSTRUCTIONAL VARIATION 


FIG. 8 
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Selective Redundancy 

as us^i^tho^c^ 3110 # *f 4 a ten " ap * ly applied t0 the concept of redundancy 
as used in the design of this rotary incremental actuator family. Although 

the term may be new, the concept Is not. One illustration can be seen in the 

I^YT r ?r nt f ?r no system single point failure modes.' But, the 
attempt to totally avoid such failure modes can easily lead the designer to an 

zm ?Il?ahiiitIl 1Ch T in H th ? end i S dis J in 9 uished more by its complexity 
than by its reliability. In devices where the design is aimed at full 

redundancy, there is almost always the tendency toward an increased parts 
count* 

th» 1 ??*£«?? pr ° vocative questions that should be asked before 

the concept of reliability via redundancy* is applied: (1) are the relative 

^IlHr*i rate ii a Mi -J® po . int . of load convergence such that a worthwhile 

9a1n s . realized? and does the satisfaction of the 
load Mth tKJ nt J a J.Ifv 1 " 0 - 6 re< » uirement lead to the creation of a redundant 
forYSaa-u!! path? ’ "" ‘"‘ 0 " e t0 fli '’ thUS ,urth * r c0 " p ° u " d1 "9 the 

in rtn.^1 1 ?? 111 ^ bl0Ck dia 9 ram of the basic elements of the actuator is shown 
nnZ fflltii 1 ; i represents the reliability of the motor stator, which is the 
only electrical part present. P2 represents the reliability of the motor 
rotor, P3 the reliability of the harmonic drive, and P4 the reliability of the 

output stage of the device. P4 is the output element through which the load 
is driven. 

In contrast, a unit designed to be completely redundant is shown diagram- 
matitally in Figure 12. This device was designed by Schaeffer; several have 
been flown. It uses independent large-angle steppers with spur pregearing 
and dual worm gear input to a differential, with output taken from the dif- 
ferentia 1 spider gear carrier. Actually, this design has many more parts 
than the newer rotary actuator; but for purposes of comparison it will be 
assumed that its parts count could be reduced. Here all of the elements PI 
through P4 are duplicated in two parallel paths. P5 represents the reli- 
ability of the parts required to achieve the switching of mechanical power 
when a change from one parallel path to the other occurs (the differential 
spider gears). This branching element is not duplicated, because it appears 
In the output load path. 

Actuators represented by both of these reliability diagrams have been 
successfully used in orbit, and neither has suffered failure. A further 
comparison on the basis of performance is as follows: 
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RELIABILITY BLOCK DIAGRAM - BASIC ACTUATOR 


FIG. 11 



(A) MECHANICAL BLOCK DIAGRAM 



(B) RELIABILITY DIAGRAM 

REDUNDANT SYSTEM 

~~ FIG. 12 


RELIABILITY BLOCK DIAGRAM - SELECTIVELY REDUNDANT 


FIG. 13 






Redundant 

Device 


Rotary 

Incremental 

Actuator 


o Output Torque 
o Weight 
o Output Step 
o Assembly Man Hours 
o Backlash 


5.1 nt.m (45 lb-in) 
5 kg. (11 lb.) 
.025 deg. 

T 

30 arc min. 


84.8 nt.m (50 lb-in) 

1.8 Kg. (4 lb.) 

.0075 deg. 

T/3 

Nil 


What this comparison appears to show Is that redundant design can have a 
significant price. Its effect on predicted numerical reliability is powerful, 
however; and It would be desirable to reap the benefits of redundancy without 

compromising the Inherent simplicity of a device like the rotary Incremental 
actuator. 


The reliability diagram of Figure 13 Illustrates schematically how this 
has been done. Major components of the device have about the same failure 
rate. However, external drive circuitry is associated with the stator, and 
since electronic components in general have higher failure rates than 
mechanical components, there Is good reason to want redundant motors 
(redundant motors allow redundant drivers). Although driver electronics are 
external to the actuator, reliability is ultimately a system concern; and 
system considerations make two independent electrical systems highly 
desirable. Therefore, provision of stator redundancy significantly increases 
system reliability, since additional mechanical elements are not required to 
effect the transfer of power from one path to the other. Figure 13 shows this 
concept applied to the actuator. Here only the motor stator is reproduced in 
a parallel path. 

For purposes of illustration, it is assumed that failure rates for 
components 1, 2, 3 and 4 are identical while the failure rate of component 5 
(mechanical switching means) is two times that failure rate. (If component 5 
were an active electromechanical device such as a clutch, its failure rate 
might be higher than that of other components by as much as 7X). When system 
reliabilities are computed (all for the same mission time) the three 
approaches illustrated above can be compared. Figure 14 shows calculated 
reliabilities based on the reliability models (1). Here it can be seen that 
the fully redundant approach produces an increase in system reliability over 
that of the basic unit. But, Selective Redundancy is seen to produce a result 
nearly as good. This is largely an effect of the simplicity of the system. 

The hazard posed by the additional element P5 Is l‘rge compared to the gains 
that can be made by paralleling elements, because there are relatively few 
elements to begin with. 
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It should also be noted that those design compromises required to package 
redundant mechanical components within a given space and weight limit will in 
many cases result in the degradation of individual part reliabilities (P2, P3, 
P4). Like the addition of new failure modes, this is not demonstrably 
significant In terms of numerical prediction. The trend is in the wrong 
direction, however, and is a further argument in support of Selective 
Redundancy. 


This analysis is intended to show numerically that the concept of 
Selective Redundancy is an effective way to achieve system reliability when 
applied to devices of the size and scope of these rotary incremental 
actuators. Selective Redundancy does not entail poorly defined risks and 
combinatorial failure inodes, and Is an especially effective approach when 
other requirements are considered together with reliability. 

Performance and Testing 

Applications of the Rotary Incremental Actuator fall into two broad 
categories: positioning and driving. Construction of the units and the 

provision of accessories and other design details varies accordingly. 

Performance of a Type 5 unit in a driving application Is shown in Figure 
15. Tne torque-speed characteristic curve shown here is of typical shape. 
Since the devices have a characteristically small step angle at the motor 
rotor and a moderately high speed reduction ratio (100 to 200 to 1) the speeds 
achieved are not extremely high. Torque output is high, however. The curve 
shows torque available for start-stop operation. Higher angular rates can be 
achieved In slew mode operation in which the pulse rate is started low and 
ramped up to the operating rate. Not shown by the curve is the unpowered or 
passive detent torque of the unit which all such permanent magnet devices 
have. Unpowered and powered driving torque can be traded off to optimize the 
unit for specific applications, depending on the relative Importance of 
holding torque. 


Performance of a Type 5 unit In a positioning application Is shown In 
Figure 16. In this test, groups of 400 steps were applied to a unit having an 
output step angle of .00013 rad (.0075 degrees), to produce .0524 rad, (3 
degree) nominal displacements. Actual measured output positions of the unit 
are shown together with calculated errors. The typical error Is on the order 
of 73 x 10 rad (15 arc seconds). Errors shown primarily reflect harmonic 
drive positioning accuracy, since motor positioning accuracy Is greatly 
demagnlfled and the harmonic drive Is essentially free of backlash. 


Stepper motors as a class are sensitive to the Inertia of the driven 
load. The permanent magnet stepper used In the Type 5 actuator, however. Is 
somewhat less Inertia-sensitive, due primarily to the large air gap radius and 
small step Increment. Torque- to-lnertla ratio at the motor rotor Is greater 
than with a conventional large angle stepper, and peak kinetic energy of the 
rotor during stepping Is less. Figure 17 shows a large Inertia thermal vacuum 
load test facility. The shaft extending vertically from the vacuum chamber 
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TYPE 5 ACTUATOR POSITIONING ACCURACY 


FIG. 16 
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can be fitted with a number of inertial masses on the radial arms, to achieve 
inertias well in excess of 1356 kg.m. z (1000 slug ft z ). The illustration 
shows an inertia of 474 kg.m. z (350 slug ft z ) being driven by a Type 5 
actuator under test mounted inside the chamber. The unit will reproducibly 
start and stop the inertia, at 0.039 rad per sec. (300 pulses per sec.), and 
with a ramped pulse rate can drive the inertia at angular rates up to 0.17 rad 
per sec (1300 pulses per second). 


APPLICATIONS OF THE ROTARY INCREMENTAL ACTUATOR 


The actuators are used in a broad range of applications. Types 1, 2, and 5 
have been built and delivered in numerous forms, and Types 3 and 6 have been 
proposed or are in development. 

The low end of the size spectrum is represented by the Type 1 actuator 
shown in Figure 18. This unit is used for positioning a scan mirror on 
Dynamics Explorer. It weighs just over 0.45 kg. (1 1b.), including an 
integral potentiometer and position-sensing switch assembly. Step angle is 
0.0022 cad. (.125 degrees), with worst-case positioning accuracy of about 
3 x 10 -4 rad, (1 minute of arc). Its unpowered detent torque is used to hold 
the output stable during power-off periods. This is a good example of 
Selective Redundancy. A single motor is incorporated, and a single 
potentiometer element is used. Position sensing switches, however, are deemed 
to have significantly higher failure potential, and are therefore duplicated. 

A larger unit, used for both positioning and driving, is represented by the 
TDRSS Gimbal Drive Assembly. Figure 19 shows a view of the TDRSS spacecraft. 
These 1.8 kg. (4 lb.) Type 5 units are used in two-axis arrays to position the 
large umbrella-shaped high gain antennas and the ground link antenna. This 
application requires the actuators to drive an inertia load of 57 kg.m. z (42 

slug ft z ) at a speed of 0.005 rad. per sec. (35 pulses per sec). Required 

positioning accuracy is 7 x 10" 4 rad (2 min 24 sec.). The unpowered holding 

torque of 11.3 nt.m. (100 inch-lbs) minimum is relied upon to maintain 

pointing of the antennas during actuator unpowered periods. These units are 
electrically redundant, and performance figures are based on operation of one 
motor. Position feedback is provided by integral redundant potentiometers. 

A variation of the Type 5 actuator with oversized output bearings was 
depicted earlier (Figure 8). The application of this unit is on the ERBE 
program (TRW, under NASA contract NAS 1-15900). The entire ERBE instrument on 
the spacecraft is both supported and pointed in azimuth by the output member 
of this 4 kg. (9 lb.) actuator. The driven inertia represented by the 
Instrument Is 27 kg.m. z (20 slug ft z ) and the mass of the Instrument package 
is 11.3 kg. (25 lbs). No unloading latches are used at launch, so that the 
actuator output stage carries all Inertial loads. 

These actuators are used extensively on the Space Telescope mainframe for 
high gain antenna deployment, for operation of the main aperture door, and for 
latching of the high gain antennas, the main aperture door, and the solar 
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de« 1 opTj;\„Xed"g?ss?feI a ^2 ? Semb l'“ used for *Hm. tasks wero 
8-32697 ( 2 )! Type Swtuators tS d noSfr e th° mPan,U " der NASA Contr «t NAS 
specification wh?ch is written to cove^ th« S !nr« tS are ! upp, ' ed t0 a common 
applications. Motors are redondan? fnd • CaSe 0f this set of “tility 

operation of one motor only to meet th t f!ii? CeS are rei l“fi"ed, with the * 
56 5 „t.m. (500 in-lbs) 0 ^;,, m ,™per » ° ’ £"2 SSs^a ^ ,0 " S: *??<“' 

pulses per second) maximum, driven inprti a 5 ?? k ?*° 3 ? ^ d * per sec * 300 
unpowered detent torque 13 ! ? a 4 ? 4 ’? kg * m ( 35 ° s1u 9 ft 2 ), 

lbs.) maximum. (Maximum backdJiye torque";]^ 1 5mi?lrf 1 T Um/6 5' 2 , nt - m - (55 ° in - 
manual re-stow capability). Fiqure Ju lte ? 0rder to lnsure EVA 

typical hinge driSe ass^.V.^S^I^lT 5 ,^^ 1 ^ a a ““ p £ a 

Telescope Ass^?y a (OTA)! t where"an P array e of S s? Pe T 1S f ? und ,n the °Pt'cal 
support and to position the secondary mfrrnr \ 5 ? ctuators ar e used to 
earlier, have aheccentric ba?i o„ tL T° ; J hese unitSp referred to 

output rotary motion into linear motion™ Beca^I^nf th ° rder t0 convert th e 
output increment of the device ? f . the very sma11 an 9”lar 

to the center of rotation? Jn ext re^Slv nil C1ty of the ba " relative 

achieved — about 0 5 x 10 _ ®m mq m jrr^ I! e rectilinear output step is 

device are redundant, and the icces or? h"^ S) P ? k r ” ep ' A*®" <" this 
optical position encoders! arp ;»i«n r h d ® vices (both potentiometers and 
units located ?n t^rearcover and 2.^' k Poten ^ometers are special 
axially through the device. Optical encoders",,™ a . qu ! 1 shaft which extends 
position. Although the system control W i, P r d ? f f edback of mlor rotor 
devices, the combination of wt 1 caf encIZ< x n H ,0S f d . tbrou9 '’ externa ' 
unique position information for each of the sU se^onda^fr^r^rWes! 

Including some other devices nf a w 

of Schaeffer Magnetics actuators on bo^d^ce^e^co^^aj^sls:' C ° Unt 

cover »uch a tL t smne f spectrum P arthosrof f th° tary , " cre ™ ental actuators will 
interest in driving la?qe? ?nert?ir!„H th ? " ecent P«t, with special 
increments. Harmonic d%es a?e a va fabKT 1 " 9 ] oads in f1ner 
and there is no inherent upper 7 imit Jn^hp * S 1 u^ 9 ! r than the 2M size » 
stepper motor can be buiU fine Z ® ’ n . Whlch the ^Jl-angle 

implicit in the desiqn without nrl n nlf?? nta Posjb’oning capability is 
without the need for^dded electroni? ^Dl^tipc^ au 2i liar * "«chanisms, and 
It is believed that these charact™isti« Lkl th f ffeCt "^ro-stepping. 
attractive a candidate for the incrpasinniu^L,*^ rotary actuator type as 
of tomorrow as it is for the appl ications of^dSy! 09 Spacef1ight r e<iuirements 
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SPACE TELESCOPE HINGE DRIVE ASSEMBLY 

FIG. 20 
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